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Abstract
A low temperature plasma nitriding process has become one of the most promising meth-
ods to make solid-solution hardening by the nitrogen super-saturation, being free from tox-
icity and energy consumption. High-density radio-frequency and direct current (RF/DC) 
plasma nitriding process was applied to synthesize the nitrided AISI304 microstructure 
and to describe the essential mechanism of inner nitriding in this low temperature nitrid-
ing (LTN) process. In case of the nitrided AISI304 at 673 K for 14.4 ks, the nitrided layer 
thickness became 66.5 μm with the surface hardness of 1550 HV and the surface nitrogen 
content of 9 mass%. This inner nitriding process was governed by the synergetic interrela-
tion among the nitrogen super-saturation, the lattice expansion, the phase transformation, 
the plastic straining, the microstructure refinement, and the acceleration of nitrogen diffu-
sion. When this interrelation is sustained during the nitriding process, the original austen-
itic microstructure is homogeneously nitrided to have fine-grained microstructure with the 
average size of 0.1 μm. Once this interrelation does not work anymore, the homogeneous 
microstructure changed itself to the heterogeneous one. The plastic straining took place in 
the selected coarse grains so that the parts of them were only refined. This plastic localiza-
tion accompanied with the localized phase transformation.
Keywords: high-density plasma nitriding, low holding temperature (T
H
),  
nitrogen super-saturation, γ-lattice expansion, phase transformation, elastic strain 
distortion, plastic straining, microstructure refinement, nitrogen diffusion path
1. Introduction
Iron-nitrogen or Fe-N binary system is essential in the steel design in a similar manner to 
the iron-carbon system [1]. Since the maximum solubility limit of nitrogen solutes is only 0.1 
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mass% or 0.3 at%, most of the previous studies concentrated on the solubility of nitrogen 
into γ-phase at a higher temperature than 1000 K [2]. Under those research circumstances, 
three important items in the material science were pointed out as findings to be noticed. 
Nitrogen works as a γ-phase stabilizer so that phase transformation temperature from α/α′- 
to γ-phase decreases with increasing the nitrogen content, [N] [3]. Mechanical properties sig-
nificantly improve by themselves also with increasing [N] [4]. Thirdly, a crystalline structure 
of nitrogen super-saturated iron or Fe (N) resembles with that of iron nitride; for example, 
α′-Fe (N) with the nitrogen content of 11 at% has the same crystalline structure of α″-Fe
16
N
2
 
and γ-Fe (N) with 20 at% nitrogen solute content corresponds to γ′-Fe
4
N as surveyed in the 
textbook [5]. The first two items stimulated further researches for high-nitrogen steels (HNS) 
as discussed in [6]. The third item leads to the chemical vapor deposition of Fe
16
N
2
 thin films 
on the template substrate [7]
.
An pressurized electro-slag remelting (ESR) method has become a standard approach to fabri-
cate an ingot of HNS [8]. Relatively high amount of dissociated nitrogen atoms from N
2
 gas can 
diffuse into the depth of γ-phase matrix at 1263 K. This solution nitriding method induced the 
nitrogen atoms even into high chromium content steels including austenitic stainless steels [9]. 
Through this process, the nickel resource can be saved by 69 kg only by the addition of nitrogen 
atoms by 1 kg. The nitrogen works to stabilize the austenitic phase even with less nickel content. 
These nickel-free HNS have coarse grains, resulting in embrittlement, difficulty in welding, and 
insufficient stability in working. Although many trials have been made to improve the nitrogen 
solute content higher than 1 mass%, most of the studies experienced engineering difficulties to 
find a new alloying effect on the increase of strength and corrosion resistance [10].
In parallel with research on HNS, ion- and radical nitriding processes were developed with 
the use of the direct current (DC)-plasma and DC-pulse plasma technologies [11]. The T
H
 
was held to be higher than 900 K in them; CrN was synthesized as a precipitate in the matrix 
together with iron nitrides such as Fe
2
N and γ′-Fe
4
N [12]. Hence, the stainless steels and Fe-Cr 
alloys were hardened by fine precipitation of CrN; however, the chromium content in the 
matrix was reduced by CrN-precipitation reaction to lower the original corrosion resistance 
[13]. In addition, this high temperature plasma nitriding was mainly governed by the nitro-
gen diffusion process; the nitrogen solute content exponentially decreases from the maximum 
nitrogen solid solubility of 0.1 mass% at the surface down to 0 toward the nitriding front-end 
[14]. Furthermore, when the T
H
 was higher than 1000 K, the chromium also diffuses to form a 
multi-stripe pattern with layered structure of {- (Cr-rich) - (CrN-rich) -} during nitriding [15]. 
Most of engineers and companies related to plasma nitriding believe that chemical reaction of 
chromium with nitrogen should drive the nitrided layer formation and hardening.
British research group [16] first found the nitrogen super-saturated lattices in the austenitic stain-
less steels by low temperature plasma nitriding. When using the same DC or DC-pulse plasmas, 
the nitriding process is characterized mainly by CrN precipitation into matrix when T
H
 is higher 
than 800 K. On the other hand, an original γ-lattice expands to form a peak shift from the origi-
nal peaks of austenitic stainless steels in X-ray diffraction (XRD) analysis when T
H
 < 800 K. This 
finding does not mean a formation of new phase, so called by S-phase, but implies that nitrogen 
super-saturation accompanies with the γ-lattice expansion and that the crystalline structure of 
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this Fe (N) is essentially different from that of original austenitic stainless steel matrix. In addi-
tion, various new engineering is expected to start from this nitrogen super-saturated Fe (N) [17].
In the present chapter, this low temperature nitriding (LTN) with nitrogen super-saturation 
is reconsidered by developing a new tool to drive LTN in the AISI304 stainless steels. First, 
Radio-frequency(RF)-DC plasma nitriding system is introduced with comments on the essen-
tial difference from other plasma nitriding processes such as DC- and DC-pulse plasmas. 
Quantitative plasma diagnosis equipment is stated to describe the nitrogen-hydrogen plas-
mas. In particular, the effect of hydrogen content in the mixture gas on the nitriding process 
is analyzed to determine the optimum condition. A hollow cathode device is proposed to 
intensify the ion and electron densities.
An austenitic stainless steel type AISI304 specimen is employed for plasma nitriding at 673 K 
for 14.4 ks by 60 Pa. Each fundamental process in this low temperature inner nitriding is ana-
lyzed by XRD, scanning electron microscopy (SEM)-electron dispersive X-ray spectroscopy 
(EDX), and electron back-scattering diffraction (EBSD). The γ-lattice expansion is analyzed 
as a peak shift in the XRD diagram. The nitrogen super-saturation is described by SEM-EDX; 
the elastic distortion is directly calculated by the lattice strain. The phase transformation, the 
plastic straining as well as the microstructure refinement are analyzed by EBSD. The nitrogen 
diffusion path is mainly estimated by the grain boundary diffusion process. These processes 
are mutually related to form a synergetic loop to drive this low temperature inner nitrid-
ing. When this loop is sustained during nitriding, the nitriding front-end advances homoge-
neously into the depth of stainless steel matrix. Once this loop is shut down at any point, the 
inner nitriding localizes by itself only to form a heterogeneous microstructure.
2. High-density plasma nitriding system
High-density RF-DC plasma nitriding system is introduced together with comments on the 
quantitative plasma diagnosis of nitrogen-hydrogen plasmas and on the hollow cathode 
device to intensify the ion and electron densities.
2.1. Background
DC-plasma and DC-pulse plasma [18–20] have been utilized for nitriding of stainless steel 
parts, tools and dies at higher hold temperature than 800 K. plasma enhanced chemical vapor 
deposition (PECVD) has been utilized for nitriding at lower temperature than 800 K. Table 1 
compares the difference in their capacity, inner nitriding behavior, and characteristics together 
with the present high-density RF-DC plasma nitriding. The former two approaches, widely uti-
lized in the market, harden the stainless steels by CrN-precipitation and form thicker nitrided 
layer than 100 μm after 36 ks or 10 hours. PECVD nitriding works in the low-pressure of 1 to 
2 Pa to form a moderate nitrided layer with the thickness of 20–30 μm. Inner nitriding process 
both in PECVD [21] and RF-DC plasma [22] is governed by nitrogen super-saturation without 
CrN precipitation. In the following, a detail of RF-DC plasma generation as well as a hollow 
cathode device is stated together with plasma diagnosis equipment in the present system.
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2.2. RF-DC plasma nitriding system
A high-density plasma nitriding system [23–25] consisted of the vacuum chamber, the evacua-
tion system, the DC-RF generators working in the frequency of 2 MHz, the gas supply of N
2
 and 
H
2
, and the heating unit located under the cathode plate as depicted in Figure 1. The nitriding 
parameters as well as controlling procedure are specified on the panels. All through the nitriding 
process, the measured pressure, temperature as well as gas pressure is automatically controlled 
by the process computer. Through the telecommunication, time history of RF- and DC-voltages 
and currents are also monitored on the panel to recognize the temporal status of RF-DC plasmas.
Figure 2 illustrates an actual experimental setup for plasma nitriding. The thermocouple is inserted 
into this cathode plate to monitor the T
H
. In the vacuum chamber, the specimen is placed inside 
a hollow cathode setup on the cathode plate, which is electrically connected with DC generator. 
This hollow cathode setup includes a rectangle-shaped tube with the size of 40 × 20 × 70 mm3 
and the thickness of 2 mm. To be explained later, the specimen is located at the position with the 
highest nitrogen ion density, far half from the mixture gas inlet, as shown in Figure 2.
Figure 1. RF-DC plasma nitriding system. (1) Vacuum chamber, (2) RF-generator, (3) control-panel, (4) RF- and 
DC-power suppliers, (5) evacuation units, and (6) carrier gas supply.
Table 1. Comparison of DC-plasma, DC-pulse plasma, PECVD, and RF-DC plasma nitriding processes.
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2.3. Quantitative plasma diagnosis
In the standard plasma diagnosis, two methods are often employed to quantitatively describe the 
nitrogen-hydrogen mixture plasma state; that is, emissive light optical spectroscopy (EOS) and 
Langmuir probe (LP). A typical setup for EOS is illustrated in Figure 3 as precisely stated in the 
previous studies  [26–28].
Emissive light from plasmas is detected through the optically transparent silica window on 
the chamber in Figure 1 and analyzed to deduce the spectrum of species in the plasmas. 
Figure 4 shows the effect of hydrogen content in the gas mixture on the measured spectra 
together with the spectra for hydrogen plasmas.
As seen in the spectra for hydrogen plasmas inserted in Figure 4, hydrogen peak intensity (Hα) 
at 656 nm increases monotonically with hydrogen content [H]. Pure nitrogen plasma mainly 
Figure 2. Experimental setup for RF-DC high-density plasma nitriding.
Figure 3. EOS for plasma diagnosis to describe the active species in the ignited plasmas.
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consists of an excited nitrogen molecule (N
2
*) and a nitrogen molecule ion (N
2
+) besides for a 
nitrogen molecule. When [H] = 83%, the whole population of nitrogen species including the 
NH-radicals significantly decreases. On the other hand, when [H] = 17%, {N
2
*, N
2
+, and NH} 
have high-intensity without peaks for the molecular nitrogen in the range of short wavelength 
(<300 nm). Although the active species such as N
2
(A3 ∑
u
+, ϑ) or N
2
(X1 ∑
g
+, ϑ) cannot be observed 
directly from the EOS spectra, their transitions can be investigated to describe the reaction 
model on the active species; for example, N
2
(C3 ∏
u
 → B3 ∏ 
g*
) peaks observed at 337, 358, and 
370 nm are related to the N
2
* and N
2
 +(B2 ∑
u
+ → X2 ∑
g
+) at 391 and 427 nm, related to the N
2
+. 
These second positive and the first negative bands of nitrogen play an important role in the 
generation of atomic nitrogen by reaction with N
2
 and N
2
+ in parallel with the formation of 
NH-radicals as detected at 336 nm.
The LP was also utilized in the diagnosis to describe the effect of [H] on the generated plas-
mas. Figure 5 depicts how to measure the ion and electron densities by using LP.
Through the direct measurement of I-V curves at the probe tip, the electron resistivity as well 
as the ion and electron densities are analyzed to describe the plasma state. In particular, the 
electron resistivity is proportional to the enhancement of plasma chemical reaction. Figure 6 
Figure 4. Measured spectra for the hydrogen-nitrogen plasmas by EOS.
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shows a variation of measured resistivity in the plasmas with increasing the hydrogen content 
in the mixture gas.
The measured resistivity has maximum around [H] = 20–30%; a hot spot is formed in the 
plasmas where the chemical reaction is most enhanced for nitriding by directly controlling 
the hydrogen content [29].
2.4. Hollow cathode design for low temperature plasma nitriding
The hollow cathode device is utilized to intensify the ion density in the nitrogen-hydrogen 
plasmas. The LP is employed to directly measure the ion density in the hollow. The LP-tip was 
inserted into the hollow along the X-axis in every 2 cm. In each position, the tip was fixed at 
the center of hollow. Figure 7 depicts the measured ion density distribution along the X-axis.
Figure 5. Experimental setups of the LP for measurement of ion and electron densities.
Figure 6. Variation of the measured resistivity in the plasmas with increasing the hydrogen content in the mixture gas.
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The ion density increases monotonically with X in Figure 7; in particular, a hot spot with 
higher ion density than 1.5 × 1018 m−3 is located in the latter half of hollow. This is common 
to the hollow device effect where the ionization is enhanced at the vicinity of outlet in the 
hollow [30].
2.5. Observation and measurement
XRD (Rigaku SmartLab) with monochromatic Cu-Kα radiation (λ = 0.1542 nm) and Bragg–
Brentano geometry, 40 kV, and 30 mA was utilized for analysis. The 2θ range was set between 
30 and 90° with the scanning speed of 10 mm/min and the step angle of 0.02°. EDX device and 
software were utilized to make element mapping over a specified depth for nitrogen, chro-
mium, iron, and carbon. Its spatial resolution was at most 5 μm. EBSD was utilized with the 
accelerating voltage of 20 kV, the working distance of 20 mm, the magnification (×2000), and 
the resolution of 0.1 μm. The inverse pole figure (IPF) was determined for each constituent 
grain to describe the change in microstructure through the nitriding. In addition, the kernel 
average misorientation (KAM) and the phase mapping were also measured to explain the 
plastic straining and phase transformation processes, respectively.
The micro-hardness testing apparatus (Mitsutoyo HM-200) was used by applying the load 
of 50 g or 0.5 N for hardness measurement on the cross-section in every 10 μm. The matrix 
hardness of AISI304 was 400 HV.
3. Low temperature plasma nitriding of austenitic stainless steels
An austenitic stainless steel type AISI304 was employed as a specimen for high-density 
plasma nitriding at 673 K for 14.4 ks by 60 Pa with use of the hollow cathode device. Essential 
processes in this low temperature plasma nitriding are described by chemical analyses.
Figure 7. Measured ion density by the LP along the X-axis in the hollow.
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3.1. Background
An austenitic stainless steel type AISI304 was selected for plasma nitriding at lower T
H
 than 
723 K. Table 2 summarizes the experimental results in the literature.
Although detail information is not written in a few papers, relatively high-nitrogen surface 
content and formation of a nitrided layer with the thickness of 10–20 μm are common to 
those previous studies [31–35]. More precise analysis and discussion are needed to investigate 
the essential processes, governing the inner nitriding behavior at a lower temperature than 
700 K. High-density RF-DC plasma systems [36–40] provides a new way to further analyze 
this low temperature plasma nitriding by experiments.
3.2. Nitrogen super-saturation
In the present study, AISI304 stainless steel plate with the size of 40 × 20 × 2 mm3 was 
employed as a specimen for RF-DC high-density plasma nitriding at 673 K for 14.4 ks by 
60 Pa for the nitrogen and hydrogen mixture gas with the flow rate ratio of 160–30 ml/min. 
The pre-sputtering only with the use of nitrogen gas was first performed for 1.8 ks to clean the 
surface condition of the specimen before nitriding. Table 3 lists the whole plasma nitriding 
condition in this experiment.
The nitrided specimen was halved to prepare the test-pieces for SEM-EDX analyses. Figure 8 
depicts the cross-sectional SEM image as well as the nitrogen mapping from the surface to the 
depth of nitrided specimen. The nitrogen content is measured at the surface to be 9 mass% or 
26 at%. The nitrided layer thickness reaches to be 66.5 μm.
Compared with Table 2, both the nitrogen solute content at the surface and the nitrided layer 
thickness become the highest by using this plasma nitriding at 673 K for 14.4 ks. Formation of 
Table 2. Previous studies on the low temperature plasma nitriding of AISI304 stainless steels.
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Figure 8. Cross-section of the plasma nitrided at 673 K for 14.4 ks. (a) SEM cross-sectional image and (b) nitrogen 
mapping from the surface to the depth.
uniform nitrogen super-saturated layer reveals that inner nitriding advances homogeneously 
into the depth of matrix.
3.3. Lattice expansion and elastic distortion
A nitrogen super-saturated lattice is expected to expand by itself; for example, the previous 
studies in Table 2 reported a γ-lattice expansion by this nitrogen super-saturation. Figure 9 
compares the analyzed XRD diagrams before and after the plasma nitriding. The original 
austenitic phase is characterized by three peaks for γ (111), γ (200), and γ (220) detected at 
2θ = 43.4, 50.82, and 74.5°, respectively.
Through the plasma nitriding process, all the austenitic lattices were elastically distorted to 
the expanded austenite (γ
N
); for example, the original γ-peaks to AISI304 shifted to the lower 
2θ, from 43.4 to 41.1°, from 50.82 to 47.94°, and from 74.5 to 70.08°, respectively. In parallel 
with these γ
N
 phases, the expanded martensitic peaks are also detected at 2θ = 43.7–63.5°. 
Negligibly small peak was detected at 2θ = 37.5° in trace level, which corresponds to the 
chromium nitrides. The γ-lattice expansion by this shift in XRD induces the tensile lattice 
strain by 5.4% for the peak shift from γ (111) to γ
N
 (111). This strain slightly increases to be 
Table 3. RF-DC high-density plasma nitriding conditions.
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5.6% for the shift of γ (200) to γ
N
 (200) and 5.4% for γ (220) to γ
N
 (220), respectively. This elastic 
distortion in the nitrogen super-saturated lattices just corresponds to the previous report in 
[41]. The grains housing these elastically distorted lattices are forced to deform plastically 
to compensate for strain incompatibility between the nitrogen unsaturated and the super-
saturated lattices in grains.
3.4. Nitriding and hardening
EDX as well as the micro-Vickers testing are utilized to investigate the nitrogen content and 
hardness depth profiles. As depicted in Figure 10, the hardness becomes maximum at the 
Figure 9. Comparison of analyzed XRD diagrams before and after plasma nitriding at 673 K.
Figure 10. Nitrogen content and hardness depth profiles from the surface to the depth.
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Figure 11. EBSD analysis on the cross-section of the nitrided AISI304 specimen at 673 K for 14.4 ks. (a) KAM distribution, 
(b) phase mapping, and (c) IPF depth profile.
surface by 1550 HV and gradually reduces down to 1300 HV in the depth of d < 40 μm. From 
d = 40–66.5 μm, this hardness gradually decreases to the matrix hardness of 400 HV. A nitrid-
ing front-end is defined by the position in depth where the measured hardness coincides 
with the substrate hardness; the nitrided layer thickness (E) after nitriding for 14.4 ks is 
66.5 μm. The nitrogen content is kept constant to be 15–17 at% in the depth of 5 < d < 60 μm 
except for the vicinities of surface and nitriding front-end. In the high temperature nitriding, 
the nitrogen content exponentially decays from the maximum nitrogen solubility limit of 0.1 
mass% at the surface and goes to zero at the nitriding front-end. The nitrogen solute content 
depth profile in Figure 10 is far from the common knowledge on the inner nitriding process 
in the high temperature nitriding.
3.5. Phase transformation and plastic straining
EBSD provides a tool to describe the interrelation among the phase transformation, the plastic 
straining, and the microstructure evolution. The measured phase mapping and KAM distribu-
tion on the cross-section of the nitrided specimen are shown in Figure 11a and b, respectively. 
After [42], the measured cross-sectional KAM profile can be identified as an equivalent plastic 
strain distribution.
In Figure 11a, the expanded γ-phase and transformed α′-phase finely distribute in the depth 
of d < 40 μm and form the two-phase microstructure. This homogeneous two-phase structure 
abruptly changes to a heterogeneous one where α′-phase sparsely distributes in the γ-phase 
matrix. This autonomous phase mapping change coincides with the onset of hardness reduc-
tion in Figure 10. This is because the volume fraction of extended γ-phase and transformed 
α′-phase zones begins to reduce from d = 40 μm in Figure 11a.
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In Figure 11b, the layer of d < 40 μm is plastically strained in all since most of grains house 
the expanded lattice zones and plastically distort to compensate for the strain incompatibility 
in each grain. Just as seen in Figure 11a, this homogeneous plastic straining also changes 
by itself and localizes to specified grains. In fact, plastic strains localize in each grain below 
d = 40 μm. That is, uniform phase transformation and plastic straining change themselves 
across this critical depth by their localization to grains. The neighboring lattices to elastically 
distorted ones by phase transformation are forced to make plastic distortion. The transformed 
α′-phase zones in Figure 11a correspond to the highly strained zones in Figure 11b.
3.6. Microstructure refinement
Phase transformation and plastic straining in the above reflects the microstructure change by 
the nitrogen super-saturation. Figure 11c depicts the IPF distribution on the cross-section of 
the nitrided specimen. Each grain with a specified crystallographic orientation is represented 
by a different color. In correspondence to Figure 11a and b, the layer of d < 40 mm has refined 
microstructure with the average grains size of 0.1 μm, just near the spatial resolution of 
EBSD. This gray color for this layer in Figure 11c implies that each grain in this layer is homo-
geneously refined to have random crystallographic orientation. Just as observed in Figure 11a 
and b, this homogeneous microstructure changes by itself to heterogeneous one at d = 40 μm; 
the average grain size comes near to the original grain size before nitriding. To be noticed, 
the crystallographic orientations with different colors from original one or with graded colors 
are seen in most of the grains below d = 40 μm. The plastically strained grains are partially 
decomposed into several or tens of subgrains with different crystallographic orientations.
3.7. Summary
LTN of austenitic stainless steels is essentially different from the conventional plasma nitriding 
at higher temperatures. No nitrides are formed in the matrix so that no change in the original 
chromium content proves less change in the original corrosion resistance of stainless steels. 
The surface layer is hardened by nitrogen solid-solution where the γ-phase is expanded by 
nitrogen super-saturation with the occupation of octahedral vacancy sites by nitrogen solutes. 
Owing to fine grain size in the homogeneously nitrided layer, higher strength is expected to 
this high-nitrogen stainless steel surface. In addition, the fine-grained two-phase structure 
has a role to improve the trade-off-balancing between strength and fracture toughness and 
to increase the fatigue life [2]. How to extend this homogeneously nitrided layer toward the 
nitriding front-end must be an engineering issue to be discussed further.
4. Discussion
Inner nitriding mechanism in this low temperature plasma nitriding of austenitic stainless 
steels is discussed with importance on the difference between the homogeneous and hetero-
geneous nitriding processes.
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4.1. Synergetic loop to drive the low temperature plasma nitriding
LTN mechanism is described by a synergetic loop as explained by Figure 12. Nitrogen solute, 
penetrating from the surface under high-nitrogen flux, occupies with an octahedral vacancy 
sites in the fcc-structured lattice as suggested by [43]. Under this nitrogen super-saturation, 
the γ-lattice expands, and elastically distorts to drive the γ to α′ phase transformation. The 
whole γ-lattices neighboring to expanding γ-lattices and transformed α′-lattices, are plasti-
cally strained to compensate for the strain incompatibility between two zones. Original grain 
is distorted and decomposed into fine subgrains by this plastic straining. More nitrogen 
solutes diffuse to the depth of unsaturated matrix through the refined grain boundaries. 
Evolution of the nitrided layer accompanies with this loop.
4.2. Homogeneous nitriding process
When this synergetic loop is sustained during the plasma nitriding, every unit process uni-
formly advances from the surface to the depth of matrix. As seen in Figure 11, the original 
coarse-grained AISI304 matrix is surface-modified to have fine-grained, two-phase micro-
structure from the surface to the depth of 40 μm. This homogeneous nitriding is shut down 
at the critical depth of 40 μm for the nitrided AISI304 at 673 K for 14.4 ks in Figure 11; the 
above loop only takes place locally below this critical depth. There is no change in the syn-
ergetic loop across this criticality. When the loop works uniformly in the matrix, the nitrid-
ing advances homogeneously, while it does heterogeneously when the loop localizes in the 
selected grains. In other words, this autonomous change from heterogeneous nitriding to 
homogeneous nitriding is driven by the nitrogen super-saturation process into grains. When 
the nitrogen super-saturated γ-phase zones are closely neighboring to each other in the speci-
fied grain, the whole related grains are homogeneously nitrided and refined by the synergetic 
loop in Figure 12. On the other hand, when each super-saturated γ-phase zones are isolated 
from each other, every process in the loop works only inside of each grain.
Figure 12. Synergetic loop of processing steps to drive the low temperature inner nitriding of stainless steels.
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4.3. Heterogeneous nitriding process
Let us first describe the localization of phase transformation, plastic straining, and micro-refine-
ment below the critical depth in Figure 11. The phase mapping, the plastic strain distribution as 
well as the IPF mapping for the grain-A at d = 100 μm in Figure 11 are analyzed and shown in 
Figure 13. Since a grain boundary works as a nitrogen diffusion path, most of the γ-phase zones 
at its vicinity transform to α′-phase. As pointed by an arrow-a in Figure 13a and b, a series of 
α′-phase zones are aligned in the alternate order of {- (α′-phase zone) − (highly plastic-strained 
zone) − (α’-phase) -}. In correspondence to this alignment, an original (001) orientation rotates by 
the plastic straining as shown in the graded colors in Figure 11c. The transformed zones have 
(111) orientation as pointed by arrow-b. This local change in phase mapping, plastic straining, and 
crystallographic orientation distribution in the inside of grain-A proves that the heterogeneous 
nitriding process is driven by this localization in each grain of matrix below the critical depth.
Figure 13 also suggests that each transformed band, pointed by the arrow-a, has a unit size of 0.3–
0.5 μm in common and that these bands are isolated by highly strained γ-phase zones. With the 
enhancement of the nitrogen flux from the surface or with an increase of the nitrogen diffusion 
path density, those isolated zones overlap with each other to change the heterogeneous nitriding 
to the homogeneous nitriding. In other words, homogeneous nitriding mode prevails in the low 
temperature plasma nitriding process with higher activation of nitrogen flux from plasmas or 
with reduction of the initial grain size to a comparable level of transformed units in Figure 13.
4.4. Initial grain size effect on nitriding process
An initial grain size of AISI304 sheet is controlled to decrease by intense rolling with the reduc-
tion in thickness by 90 % to demonstrate this mode change from heterogeneous nitriding to 
Figure 13. Localized steps around the grain-a in the heterogeneous nitriding process. (a) Local phase mapping, (b) local 
plastic straining, and (c) local IPF mapping.
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Figure 14. Microstructure of intensely rolled AISI304 sheet with the reduction of thickness by 90%. Average grain size 
is 1.5 μm.
homogeneous nitriding. Figure 14 depicts the phase mapping, the plastic straining, and the 
microstructure refinement on the cross-section of rolled AISI304 before nitriding. Although 
crystallographic textures are formed along the rolling direction as shown by the arrow-a in 
Figure 14, the average grain size is uniformly reduced down to 1.5 μm.
Under the same processing conditions, this fine-grained AISI304 specimen is nitrided at 673 K for 
14.4 ks. The nitriding front-end is analyzed to be E = 60 μm, nearly the same as shown in Figure 11. 
Figure 15 shows the phase mapping, the plastic strain distribution, and the microstructure after 
nitriding. The heterogeneous microstructure observed above the nitriding front-end as well as 
the textures by rolling in Figure 14, completely disappears to form two-phase and fine-grained 
homogeneous nitrided layer. Although the initial fully martensitic phase turns to be γ – α’ two-
phase; this two-phase fine microstructure is continuously formed across the nitriding front-end. 
This homogenization of the heterogeneous microstructure reveals that nitrogen super-saturation 
process advances homogeneously into the depth of stainless steel matrix under the synergetic 
loop once the grain size of the matrix is comparable to the nitrogen super-saturated unit size.
4.5. Summary
LTN of stainless steels is essentially governed by the homogeneous nitrogen super-saturation. 
When the synergetic loop is sustained during the nitriding, the nitrided layer has two-phase, 
fine-grained microstructure. Once the nitrogen super-saturation process is localized into 
the specified grains, the homogeneous nitriding changes itself to heterogeneous nitriding. 
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Refinement of the initial grain size into a comparable size of nitrogen saturated γ-lattice units 
homogenizes the heterogeneously nitrided layer.
5. Conclusion
Low temperature plasma nitriding provides a processing tool for the surface treatment of the 
stainless steels to have a fine two-phase microstructure with the average grain size of 0.1 μm. 
This homogeneously nitrided layer has higher surface hardness than 1500 HV and higher nitro-
gen content than 15 at%. Different from the conventional nitriding, (1) no nitrides are formed as 
a precipitate in the matrix, (2) stainless steel matrix is nitrogen super-saturated to have a nitro-
gen content plateau of 15–17 at% toward the nitriding front-end, (3) phase transformation and 
plastic straining take place together with γ-lattice expansion, and (4) original coarse grains are 
refined. This homogeneous nitriding follows the heterogeneous nitriding process where γ-lattice 
expands locally in the specified grains with phase transformation to α′-phase and plastic strain-
ing. When nitriding the fine-grained stainless steels, their surfaces are homogeneously nitrided 
to have fine, a two-phase microstructure with high hardness, strength, and corrosion resistance.
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